The heavy-fermion superconductor UPt3 is thought to have odd parity, a state for which the temperature dependence of the spin susceptibility is an important signature. In order to address conflicting reports from two different experiments, the NMR Knight shift and measurements of the anisotropy of the upper critical field, we have measured the bulk susceptibility in a high-quality single crystal using polarized neutron diffraction. A temperature-independent susceptibility was observed for H||a through the transitions between the normal state and the superconducting A, B, and C phases, consistent with odd-parity, spin-triplet superconductivity.
Since the discovery of superconductivity in UPt 3 by Stewart et al.,
1 it has become a paradigm for unconventional superconductivity and the subject of extensive theoretical and experimental study. 2 The unusual properties of UPt 3 include development of a heavy-fermion state below T = 20 K, 3 dynamic antiferromagnetism that onsets at T N = 6 K, [4] [5] [6] and an anisotropic superconducting state with three distinct superconducting phases, two of which exist in zero applied magnetic field 7 ( Fig. 1) . The multiple phases provide strong evidence for unconventional superconductivity. Identification of the symmetry of the order parameter requires measurement of bulk behavior in single crystals which we report here for the spin susceptibility using polarized neutron scattering.
Theoretical accounts of many experiments that probe the orbital structure of the order parameter classify UPt 3 as an odd-parity, f -wave orbital state, 2, 8, 9 with nodal structure that, in one case, has been directly observed. 10 However, the spin character of the order parameter is not well established. In principle, polarized neutron scattering, µSR, and NMR can be used to probe the spin state, although in the first two instances there are no clear results to date and for the third, the measurements are restricted to surface regions of the sample which might be problematic in the presence of strong spin-orbit interaction. In fact, the 195 Pt NMR Knight shift, K, appears to be inconsistent with measurements of the anisotropy of the upper critical field 11 providing motivation for our work, where we measure the bulk spin susceptibility.
The NMR results indicate that the spin susceptibility in the superconducting state is unchanged from the normal state for both parallel and perpendicular orientations of the magnetic field with respect to the crystal c-axis. 12, 13 This suggests an equal-spin pairing state with the spin angular momentum always directed along the magnetic field, and is possible only if there is little or no spin-orbit coupling. 9 Conversely, the temperature dependence of the upper critical field, H C2 , exhibits strong anisotropy, 14 leading to the crossing of the H C2 temperature dependence curves for the different field directions, as illustrated in Fig. 1 . This implies Pauli limiting for only one direction of the field, H||c. This temperaturedependent anisotropy requires a strong spin-orbit interaction locking the direction of zero spin projection (the direction of the so-called d vector) to be parallel to the c-axis. 8, 15 In this case, it is expected 11 that the spin susceptibility, and correspondingly the Knight shift, should decrease to zero at low temperatures for H||c in contradiction to the NMR results of Tou et al.
12,13
One possible explanation for this discrepancy is that the experiments have been misinterpreted. For example, the NMR measurements probe only a short distance from the surface of the sample given by a London penetration depth (λ c ∼ 4, 000Å, λ ab ∼ 7, 000Å) where it is possible that spin-orbit scattering masks bulk behavior. 16 Furthermore, superconductivity near the surface of UPt 3 is particularly sensitive to strain or roughness induced during crystal processing.
10 Surface sensitivity, however, is not a concern for the measurements of the upper critical field which were performed using ultrasonic techniques. Consequently, a true bulk probe of the magnetic susceptibility is highly desirable. Here, we report the results of polarized neutron diffraction experiments which we have used to measure the bulk magnetization of UPt 3 . A similar experiment was attempted some time ago with inconclusive results. 17 There have been substantial improvements in crystal quality 18 since that time, making this a critical problem to revisit. The large, high-quality, single crystal used in the present experiment was grown using float-zone refining in ultrahigh vacuum, followed by annealing for 6 days at 850
• C with warming and cooling each taking place over 4 days. A 15 g portion of the crystal was cut into two parts and the residual resistance ratio was measured from three wafers cut from the middle and each end of the original crystal giving RRR c = 686, 601, and 664, respectively. The superconducting transition was measured resistively to be T c = 0.560 K with a transition width of ∆T c = 0.010 K. The two portions of the crystal were mounted in the a * − c * scattering plane and attached to a copper cold finger via silver epoxy. The two crystal sections were co-aligned to better than 0.5
• for all crystal axes. The cold finger was mounted on the mixing chamber of a dilution refrigerator and cooled inside of a vertical superconducting magnet on the D3 2-axis diffractometer at the Institut Laue Langevin. For all measurements, a neutron wavelength of 0.825Åwas used.
The bulk magnetization was determined by measuring the flipping ratio R at a nuclear Bragg reflection. Here, R is defined as the ratio of scattering cross sections for incident neutrons with spins parallel and antiparallel to the applied magnetic field, and an arbitrary final spin state in each case. The cross section is given by
(1) where γ r 0 is the classical radius of the electron multiplied by the neutron gyromagnetic ratio, κ is the neutron momentum transfer, µ B is the Bohr magneton, M ( κ) is the Fourier transform of the real-space magnetization in- duced in the sample by the applied magnetic field, and σ i,f are the neutron's initial and final spin states. F N ( κ) is the nuclear structure factor for the reflection being measured. The magnetic field was fixed in the vertical direction and the neutron spin was therefore restricted to be parallel or antiparallel to the vertical. Only reflections in the horizontal (scattering) plane of the instrument were measured. With these constraints, it follows from Eq. (1) that the experiment was sensitive to the component of magnetization parallel to the applied field, M || ( κ). Because the magnetic field was always along the crystal a-axis, we measured the magnetization in the basal plane.
In the limit that the magnetic term in Eq. (1) is much smaller than the nuclear term (i.e. (γ r 0 /2µ B )|M/F N | << 1), as is the case for the present experiment, the flipping ratio from the cross section in Eq. (1) is given by
with m = (γ r 0 /2µ B ). As can be seen from Eq. (2), changing the polarization direction effectively reverses the sign of the magnetic term. Expanding Eq. (2) for small m leads to
Thus, measuring R gives the Fourier component of the total magnetization M || ( κ). To examine the field dependence of the magnetization, we show its average for T < T c ,M , normalized to its value at 0.2 T as a function of field, Fig. 3 .M is found to be proportional to field, and consequently the magnetic susceptibility can be taken to be χ = M/B. This precise proportionality indicates that diamagnetism in the superconducting state is insignificant, since it is only weakly dependent on the magnetic field. Additionally, we have calculated the diamagnetism from GinzburgLandau theory 20 and find that it contributes only a small amount to the magnetization for the fields we use, consistent with the results in Fig. 3 .
The polarized neutron scattering technique used here was validated in earlier applications through measurement of the temperature dependence of the magnetization of an s-wave superconductor, typically V 3 Si, following the original study of this type by Shull and Wedgewood. 21, 22 However, UPt 3 has a well-established temperature dependence of its normal-state susceptibility that provides a convenient means to check for consistency without changing samples. For H||a there is a peak in the temperature dependence of χ at T = 20 K associated with the formation of the heavy-fermion state.
2 In addition to the low-temperature measurements shown in Figs. 2 and 3 , the temperature dependence of the flipping ratio of the [1,0,0] reflection at 1.0 T has been measured from 2 to 230 K and was compared directly with measurements using a SQUID magnetometer on a small crystal of comparable quality to that of our neutron sample (also grown at Northwestern University). Figure 4(a) shows the complete temperature dependence of the susceptibility from neutron scattering at 1.0 T along with our SQUID measurements and earlier work by Frings et. al. 23 The absolute value of the susceptibility was calculated from the flipping ratio using Eq. (3) and depends on only one parameter that is not a physical constant -the structure factor F N ( κ), which we calculate from the crystal structure. We find that the neutron data match the susceptibility measurements when multiplied by a factor of 2.35. This discrepancy is attributed to a substantial extinction correction due to the large size of our sample and ∼ 5% depolarization of the incident neutron beam.
Our results can also be compared to measurements of the 195 Pt Knight shift, K, which reflect the microscopic local field environment at the nucleus. K is a linear function of the total magnetic susceptibility, χ, and is expressed as 24, 25 
where a spin and a orbit are proportional to the respective spin and orbit hyperfine fields. The spin hyperfine field is H hf spin = a spin N A µ B where N A is Avagadro's number. After noting that Knight shift contributions, other than that from electron spin, are independent of temperature, we find H hf spin = −97 kOe/µ B from the lowtemperature NMR data, similar to that reported by Lee et. al. 4 (−92 kOe/µ B ) and about 12% larger than the measurements of Tou et. al.
12,13 and Kohori et. al.
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(−85 kOe/µ B ). In Fig. 4(b) we show a comparison of our polarized neutron experiment, measured in a 1.0 T field, with the susceptibility that we calculated from the temperature dependence of the K measurements of Tou et. al., Lee et. al., and Kohori et. al. using Eq. (4). Tou et. al. 12 have estimated the size of the temperatureindependent contributions with a Curie-Weiss-like fit to their K data at high temperatures. A similar fit performed to our SQUID data show in Fig. 4(a) indicates a temperature-independent susceptibly that is diamagnetic and 12.8% of the magnitude of the average susceptibility for T < T c , about a factor of 2 less than the percentage of diamagnetic Knight shift contribution found by Tou et. al.. The good overall agreement gives confidence that the low-temperature Knight shift results accurately represent bulk behavior of the spin susceptibility in the superconducting state.
We now discuss our results in the context of theoretical expectations for the temperature dependence of the spin susceptibility in UPt 3 . In a conventional superconductor, Cooper pairs form an antisymmetric spin-singlet state, commonly denoted as
|↑↓ − ↓↑ , leading to a decrease in the spin susceptibility for T < T c . If electron pairs form a triplet, the spins would take one of three possible arrangements, |↑↑ , |↓↓ , and
|↑↓ + ↓↑ . For applied magnetic fields along a direction in spin-space occupied by the "equally spin-paired" triplet states, |↑↑ or |↓↓ , no decrease in susceptibility would be expected for T < T c and H < H C2 , since the field is not depairing, as is the case for superfluid 3 He-A. 27 The K measurements show no (or very minimal) difference between the normal and superconducting states for all directions of magnetic field with respect to the crystal axes. This implies that the electron spins are in an equal-spin paired state with the spin angular momentum along the direction of the magnetic field.
For an unconventional superconducting state, the spin part of the order parameter is best represented in terms of the d vector, which points in the direction of zero spin projection and is widely used in the description of unconventional pairing, most notably for the 3 He triplet superfluid order parameter. 28 A strong spin-orbit interaction in UPt 3 provides a mechanism for d being locked to the crystal c axis 8, 15 and is required in order to account for the observed anisotropy in the upper critical field.
14 According to this theory, only the equal-spin pairing states are present in UPt 3 with the spin angular momentum in the basal plane. Their representation in terms of spin basis vectors chosen with respect to the c axis, however, is
|↑↓ + ↓↑ with zero spin projection in that direction. Consequently, for strong spin-orbit interaction, a temperature independent spin susceptibility is expected for magnetic field in the basal plane and a temperature dependent susceptibility, similar to that of a singlet superconductor is expected, for fields along the c axis.
The fact that the K measurements show no decrease for any field direction in the range 0.17 T< H <1.6 T has been interpreted to mean that the spins are in a triplet state, but that the energy cost to rotate the d vector away from the c axis is quite small. 9 This scenario is surprising as it relies on a very weak spin-orbit interaction despite expectation to the contrary owing to the heavy masses of the constituents of UPt 3 .
In summary, our measurements of the magnetization of UPt 3 with H||a using polarized neutron diffraction show no change in the susceptibility upon entering the superconducting state or between the different superconducting phases. This confirms NMR measurements of the Knight shift for this orientation. Whether K measured for H||c reflects bulk behavior should be confirmed by further neutron measurements. Although our results for H||a are consistent with identification of the spin part of the superconducting order parameter as a triplet, oddparity state, the discrepancy between the NMR measurements and measurements of the temperature dependence of H C2 remains; a comprehensive comparison between experiment and theory for UPt 3 is still incomplete. This is also the case for other superconductors with similar properties such as Sr 2 RuO 4 .
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